This project aims to develop and characterize a series of bismaleimide (BMI) polymers based on maleic anhydride and aliphatic-ether diamines. The effects of varying the chain length of aliphatic-ether diamines on the resultant bismaleimide systems were evaluated so that their suitability for microelectronics applications could be evaluated. The synthetic reaction and properties of the bismaleimide materials were investigated using Fourier Transform Infrared Spectroscopy (FTIR), Differential Scanning Calorimetry (DSC), ThermoGravimetric Analysis (TGA), Dielectric Thermal Analysis (DEA) and rheometry. Results showed that thermal, dielectric and rheological properties were all affected by the main chain length of BMI. The magnitude of the dielectric constant at 100 kHz increases with the increasing chain length. The curing peak temperature, curing heat and degradation temperature of BMI, all decrease with the increasing chain length.
Introduction
Polymers are widely used in microelectronic applications and polyimides have certainly received the most attention. The reasons for their success in the electronic industry are their excellent thermal, mechanical and electrical properties associated with their ease of application, good adhesion and a comparatively low dielectric constant [1, 2] . Typically, dielectric constants of electronics packaging material should be low (between 2.0 and 3.5) over a very wide frequency range to reduce the delay time and shorten transmission length for improvement of processing speed in large scale computers [3, 4, 5] . Several important properties must be considered for packing materials such as low K, thermal stability and processing properties [5] . However, many of the conventional polyimide resins and bismaleimide-based resins have high dielectric constant i.e. 3.4 or higher.
The objective of this paper is to describe the synthesis and to evaluate the effect of aliphatic-ether chain extender on the thermal, dielectric and rheological properties of a bismaleimide polymer. The dielectric constant of the polymer can be calculated by the Clausius-Mossotti equation [5] . Because aliphatic-ether group containing -CH 2 -repeating unit as main chain can offer polymer a low dielectric constant, this paper will study the modified BMI containing aliphatic-ether chain as backbone. The bismaleimides containing oxyalkylene linkages has been reported [6] , BMI in this paper contain benzene ring between maleimide groups. Because benzene ring would increase the value of the dielectric constant [5] , the benzene ring is not introduced into the modified BMI in this paper. BMI with -CH 2 -repeating unit could have a low dielectric constant and decreased brittleness if the backbone chain is long enough. The molecular structure, thermal property and electrical property were evaluated.
Results and discussion

Thermal polymerization of bismaleimides
The results of the curing temperatures and reaction enthalpy of BMI systems was displayed in Table 1 and Figure 1 . The curing temperature of BMI The data show that the onset curing temperature, curing peak temperature and curing enthalpy of the BMI decrease with increasing chain length. This indicates that the chain length significantly affected the reactivity of double bonds of BMI and the methyl branch also has an effect on the reactivity. The curing peak temperature of BMI-230B is higher than those of other BMIs indicating a lower reactivity for the BMI-230B [11] . The reactivity of double bonds of BMI increased with increasing chain length. Although the level of reactant functional group decreases as chain size increases, the mobility of the unreacted monomers increases a lot because of the increasing chain length of BMI, therefore the increasing chain length results in lower value in curing temperature. Meanwhile, because the level of reactant functional group decreases with the chain length increase, the curing enthalpy is also decreased.
Gelation Point
Both gel temperatures and times shown in Figure 2 were found to decrease with increasing chain length of BMI monomer. It was reported for the same backbone structure of BMI, E A decreases as the backbone chain length increases. This probably means that the chain mobility is likely an important factor governing the cross-linking reaction kinetics [11] . Although the concentration of reactant functional group (double bond) decrease with chain size increasing, but the mobility of the unreacted monomers also increases a lot because of increasing chain length, therefore BMIs with longer chain have lower values in the gel temperatures and gel times. It is an indication that BMI with longer chain has a higher reactivity at double bond. Figure 3 showed a TGA with varying trends for a cured BMI in dry air and in pure nitrogen. All the cured BMI systems showed onset degradation temperature in both dry air and nitrogen decreases with increasing chain length of BMI. Thus increasing the number of aliphatic C atoms on the backbone chain appears to lower the thermal stability. Because cross-linking generally resulted in stability improvement [12] , the increasing chain length between cure sites decreased the crosslinking density. The decomposition temperatures of cured BMI-600, 900, and 2000 both in air and nitrogen are lower than that of BMI-2000B although the chain length of BMI-600 and 900 is shorter than that of BMI-2000B. This indicates the methyl side group protects the backbone chain from thermal decomposition. Thermal stability is primarily determined by the bond energies between the atoms in the chain. The least stable linking unit is alkylene linkage [12] . It was reported that thermal degradation was initiated with C-C cleavage [11] and the methyl side group due to steric hindrance effect could make C-C bond more stable. All the cured samples showed higher stability in nitrogen than in air indicating the thermo-oxidative sensitivities. Table 2 shows the dielectric constant of BMI. Dielectric spectroscopy is sensitive to fluctuations of dipole moments. The results show the magnitude of the dielectric constant is very dependent on the chain length. As the level of oxyalkylene increases with increasing chain length, the magnitude of the dielectric constant at 50 °C increases except BMI-4000B. This is consistent with the fact that increasing the level of oxyalkylene (increasing the chain length) increases the polarity associated with the polymer because oxyalkylene is a polar group. The dielectric constant reflected the electric storage ability of a material when the electric field was applied to the material. This storage ability is directly related to the dielectric polarization of the dipolar segments [12] . Therefore, increasing chain length (increasing dipolar repeating segments) increases the dielectric constant. Although BMI-4000B has a less dielectric constant than those of other BMIs at 50°C, BMI-4000B has a bigger value of dielectric constant than those of other BMIs at 0 °C.
Thermal decomposition of BMI
Dielectric properties
Dielectric relaxation spectrum reflects the motion state of the segments, or group of segments. Dielectric loss is caused by the lag in dipole orientation behind an alternating electric field. When the polar molecules are very large, or the frequency of alternating field is very high, or the viscosity of the medium is very high, the rotary motion of the molecules is not sufficiently rapid for the attainment of equilibrium with the field, dielectric losses will be generated. Most polymers exhibit more than one region of dielectric loss peak. The largest loss peak (α peak) usually occurs at the high temperature and is associated with the glass transition of sample. The other loss peaks (β,γ) may occur in the glassy state and is associated with shorter range motions such as side-group rotations or local mode motions [13] . The dielectric loss data reveals that, at the lower frequencies, there are two transition peaks which are tabulated in Table 3 . The peaks of BMI-600 in each of the loss curves between -88 and -33 °C is the β transition which is likely associated with the motions of part of main chain section (-O-CH 2 -CH 2 -); It was reported that the motion unit of -CH 2 CH 2 Oin PET could vibrate locally below the glass transition temperature [14, 15] . The peak at 1 Hz at 82 °C is the α transition which is due to main chain motions. These transitions are frequency dependent which is due to the effects of the molecular dipoles and shifts to higher temperatures as the measurement frequency is increased. To directly compare results between samples, therefore, a single defined frequency must be chosen. Table 3 is the comparative data at 1Hz and 100 kHz. The comparative data shows that the relaxation transition temperature is relatively sensitive to backbone chain length. From Figure 4 , the α transition (Tg) decreases as the level of oxyalkylene increases because oxyalkylene is also a flexible group. A very broad relaxation peak called β transition is located in the -80~-100°C range. This β transition is likely attributed to local motion of -CH 6 2 CH 2 O-or -CH(CH 3 )CH 2 Osegments [14] . Some vibration mode depends on chain length, especially for short chain and some vibration mode doesn't. The β transition temperature of BMI-230B, 400B, 600,900 and 2000 appears not to be affected by the methyl side group and backbone chain length. It is possible -CH CH 
Conclusions
Thermal, dielectric and rheological properties are all affected by the main chain length of BMI. As the chain length increases, the curing peak temperature, curing heat and degradation temperature of BMI decreases. The magnitude of the dielectric constant increases with the increasing concentration of oxyalkylene. BMIs with longer chain have lower values in the gel temperatures and gel times. The chain length also affects the reactivity of double bonds in maleimide ring. , 691 cm [7] . Differential Scanning Calorimeter (DSC) TA 2920 was used to monitor the curing properties of the samples. About 5 mg of sample was weighed accurately to ±0.01mg in a hermetic aluminum test pan and sealed before being placed in the DSC cell. The sample was then heated from room temperature (25 o C) to 350 o C at a heating rate of 10 o C/min. Nitrogen gas at a flow rate of 50 ml/min was passed continuously into the test cell throughout the experiment. From Figure 6 , exothermic peak is observed in the higher temperature region. The curing onset temperature (To) is the starting temperature of the exothermic peak. The peak curing temperature (Tp) shows that the reaction reaches its maximum.
Experimental part
Materials
TGA
TGA analysis was carried out on a TA 2950 TGA system to determine the thermal stability of the bismaleimide samples. Approximately 10 mg of the sample was placed in platinum pan and then heated from room temperature (25°C) to 800 °C at a heating rate of 20° C/min. The samples were tested for their thermal stability in both dry air and purified nitrogen gas at a flow rate of 50 ml/min. The extrapolated onset degradation temperature (T d ) , temperatures at 10% sample weight loss (T 10 ) were obtained from the thermogram.
DEA
The dielectric constant and dielectric loss as a function of temperature were obtained using TA DEA 2970 Dielectric Analyser. When performing dielectric measurements, the sample is placed in contact with a disposable ceramic single surface sensor. For the BMI system, the samples are coated directly onto the sensor at room temperature. The coated sensor was then heated in oven at 230 °C for 10 hours and 260 °C for 3 hours. The sensor was placed in DEA cell. The DEA cell was purged with dry nitrogen adjusted to a flow rate of 80 ml/min. The resin was cooled to -140 °C and then heated to 280 °C at a rate of 5 °C/min to observe the relaxation transition of the cured resin. The following frequencies were applied to the resin during the analysis: 1, 10, 100, 1000, 10000 and 100k Hz.
Rheology
The viscosity of sample as a function of temperature and time was obtained using HAAKE RS-150 rheometer. The rheometer fitted with a pair of 20mm disposable aluminum parallel plates is used to determine the gelation times and temperatures of the BMI samples. Approximately 4 ml of the liquid sample is applied between parallel plates. The gap between the parallel plates is preset at 0.5mm. All measurements were conducted in oscillatory mode with a frequency of 4.7 Hz and a shear stress of 5000 Pa. For determination of the gelation point of BMI, the parallel plate's sensors were preheated to the required temperature before introducing the test sample. The sample is tested until the gel point is obtained. The gelation times were determined at various isothermal temperatures, namely 280°C. The gelation temperatures were obtained at different temperature ranges, namely 30-280°C. The gelation point of the sample is indicated by the crossover point of the shear storage modulus (G') and shear loss modulus (G") on the curves occurred. At this point, the initial network of the BMI is formed.
Synthesis of the BMI systems
Step The bismaleimides (BMI) were prepared using a two-stage reaction [6, [8] [9] [10] as described in Scheme 1. According to the relative diamines, the synthesized bis maleimides were called BMI-230B, 400B, 2000B, 4000B with methyl branch and the BMI-600, 900, 2000 without methyl branch and are shown in Figure 7 . The stoichiometry of this reaction, based on the mol ratio of maleic anhydride to diamine, is 2:1. 0.0795 mol of the diamine was accurately weighed and placed in a 500ml fivenecked reaction flask containing 150 ml of N,N-dimethylformamide (DMF). The flask was equipped with a stirrer, a dropping funnel, a temperature controller, nitrogen inlet and a reflux condenser. 0.159 mol of maleic anhydride dissolved in 150 ml of DMF was then added drop-wise to the amine solution from a dropping funnel over 5 minutes at room temperature. The mixture was stirred and heated to 50 °C for 2 h. Sodium acetate and acetic anhydride was then added into the flask to catalyze the reaction. The reaction was continued at 50 °C for further 6 hours. Most of the DMF was removed by the rotary evaporator from the reacted mixture and subsequently redissolved in 100ml chloroform for purification. The solution was washed with distilled water for several times, decanted off the water layer and then dried by the rotary evaporator. The brown liquid was obtained.
Preparation of cured BMI resins
The cured BMI samples were made as follows: BMI was placed in 20mm diameter metal pan, then degassed in a vacuum oven at 55°C for 24 hours and then heated in an oven at 230 °C for 10 hr and 260 °C for 3 hours. The curing cycle used was chosen according to DSC results obtained in this research. The temperatures between onset temperature of cure (T o ) and peak temperature of cure (T p ), could be chosen for curing temperature. If higher temperature (i.e. exotherm peak temperature) was used to cure the sample, the reaction rate would proceed too quickly and a large amount of heat will be released in a short period of time. Therefore, lower curing temperature (230 °C) with longer curing time (10 hrs) was chosen in this experiment.
